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Introduction
Mucus is a viscous layer that covers the internal walls of the human cavities, which otherwise would be exposed to the environment with no protection (Ashida et al., 2012) . This includes the respiratory, gastrointestinal, reproductive, nasal and ocular surfaces (Hong et al., 2005) . The main functions of the mucus are protection and lubrication. In fact, mucus is an efficient barrier to pathogens and other substances, but allows the passage of nutrients and the exchange of gases with the epithelium (Harding, 2006) .
The study of the interaction between mucus and polymers has deserved considerable attention in the last years, due to the development of mucoadhesive formulations for controlled release of pharmaceuticals. In this way, the residence time of the dosage form can be appreciably increased optimizing the delivery of an active substance. Mucoadhesion is a complex phenomenon that comprises the humectation of the polymer in contact with the mucus, and also specific interactions between mucoadhesive polymers and mucin. Excellent reviews can be found elsewhere (Boegh & Nielsen, 2015; Alexander, 2011; Harding, 2006; Smart, 2005) .
Mucus is composed of water (95 %), mucins (5 %), and other components in much lower amounts (Alexander, 2011; Hong et al., 2005) . Mucins are glycoproteins with a high degree of glycolization that can be treated as high polymers (Smart, 2005) . Therefore, as in polymer dispersions, the conformation of mucins in dispersion defines the viscoelastic character as well as other properties of the mucus (Celli et al., 2005) . The exact composition, thickness and structure of mucus are mainly governed by the nature of the tissue that is being protected, and the amount of salts and other minor components. In the case of gastric mucus, it has been studied that in acid media, mucins change their conformation forming a high viscous gel (Boegh & Nielsen, 2015; Hong et al., 2005) . This gel becomes an efficient layer that protects the stomach from being ingested by its own gastric acid during digestion.
Gelation of gastric mucus has been studied by several experimental techniques (Bansil et al., 2013; Hong et al., 2005) . It has been concluded that conformational changes in mucin are developed as the pH is reduced to pH < 2. Z-potential has also demonstrated the existence of an isoelectric point (IEP) at pH between 2 and 3, indicating a change in the charge of the molecule as pH decreases (Bansil & Turner, 2006) . However, the mechanism of mucin aggregation/gelation and the sol-gel transition in gastric mucin at low pH is not fully understood. Bansin and coworkers (2013) have proposed the formation of gel as the result of a complex interaction between hydrophilic and hydrophobic groups. It is believed that the formation of large linear glycoproteins take place via disulfide (S-S) linkages in the cysteine terminals of the molecule. As the pH is reduced, hydrophobic associations in the non-glycosilated domains induce the formation of non-covalent crosslinks. Thus, a physical crosslinked network is consolidated which is able to stabilize water molecules by the hydrophilic groups forming a protective gel.
It is known that the formation of gels in gastric mucin at low pH develops also unique rheological features (Bansil et al., 2013; Celli et al., 2007; 2005) . Gels are characterized by a viscoelastic response originated by the combined effect of both solid-like and liquid-like behavior. Oscillatory shear rheometry reveals that at pH > 4, the loss modulus (G'') becomes higher than the storage modulus (G') at low shear frequencies, as it is characteristic of the viscous flow of polymer dispersions (Macosko, 1994) . On the other hand, in acidic media, the formation of the endless interconnected structure consolidates the elastic behavior of the gel characterized by G'> G''. Oscillatory shear rheology has also been used to characterize muadhesion (Mayol et al., 2008) , and other polymeric gels (Perilla et al., 2010) . However, it has been found that the elastic character of the gels is not totally developed, probably because in most of the experimentations reconstituted gastric mucin was used. Apparently, the purification process to obtain mucin removes salts and other minor components that play a determinant role in the gel formation process (Celli et al., 2007; 2005) .
Creep-recovery is a time dependent rheological experiment, which is particularly useful in gels where long relaxation times need to be characterized. Figure 1 sketches the principle of creep-recovery. At t = 0, a constant shear stress, τ 0 , is applied and the shear strain, y(t), is recorded as a function of time. At the so-called creep time, τ r , the stress is removed and the shear recovery, , is measured during the recovery time . From creep-recovery data, creep compliance, and recoverable creep compliance may defined by:
Creep-recovery allows characterizing the terminal region of the linear viscoelastic spectra in a much lower experimental time than in dynamic rheology. In this report, the rheological behavior of reconstituted gastric mucin was investigated as function of pH by creep-recovery. The advantages of creep recovery experiments were evident to characterize this process, and the results were compared with steady state rheology, dynamic light scattering and zeta potential. 
Materials and methods

Materials
Partially purified mucin from porcine stomach type II was purchased from SIGMA and maintained at T~ 4ºC. Buffer dispersions were prepared using distilled water and acid, and bases of analytical grade. Mucin dispersions were mixed in sterilized flasks, at 5 and 10 % weight to volume in a laminar flow chamber. Five values of pH were investigated in this report, pH~1.15, 2.00, 2.55, 4.00 and 7.67. After prepared, dispersions were kept at T~ 4ºC, and tested within 24 to 72 hours after preparation.
Characterizations
Scattering and z-potential: The size of mucin aggregates was measured by dynamic light scattering (DLS). DLS and z-potential were determined in a ZetasizerNano ZS (Malvern Instruments, U.K.). Samples were prepared at a concentration of 0.1 mg/ml at pH 1.15, 2.00, 2.55, 4.00 and 7.67. Prior to analysis, the samples were stirred at room . Shear viscosity, η, was recorded as function of y. Testing temperature of T ~ 25ºC was controlled by a Peltier plate.
Constant stress rheological measurements:
In order to study the viscoelastic nature of the regenerated mucus, creep-recovery measurements were carried out on the samples using a Malvern Bohlin-Instruments CVOR rotational rheometer with a 40 mm cone-and-plate arrangement with a cone angle of 2°. An experimental temperature of T~ 25ºC was controlled with a Peltier plate. At t = 0, a constant shear stress of τ 0 ~ 0.006 Pa, was applied to the samples, and the shear strain was recorded up to a creep time of τ o ~ 100 s. Then, the stress was removed and the shear recovery was recorded for τ r ~ 100 s. In order to account the effect of the residual torque during recovery, the true recovery, J r true , was computed from the measured recovery, J r meas as indicated in Equation 3 (Münstedt, 2014) . 
Results and discussion
It has been recognized that as the pH of the media is reduced, conformational changes take place in gastric mucin inducing the formation of a stable gel in the mucus. These changes are reflected in Figure 2 , where the z-potential is represented as a function of the pH. In Figure 2 it can be seen that the z-potential of the dispersion increases drastically when the pH of the mucin dispersion decreases from pH ~7.67 to 4.00. As the mucin dispersion becomes more acidic (pH < 4.00), the zeta potential increases moderately, and the change from negative to positive z-potential values lies roughly between pH values of 2.00 and 2.55. This point is known as the isoelectric point (IEP), and indicates that the interaction between the mucin and the media changes as the pH is reduced. Thus, as the environment becomes acidic, the chain conformation may change inducing a mucin-mucin interaction stronger than mucin-buffer, resulting in a physical network capable to form gels. Figure 3 presents the size of the mucin aggregates with respect to the pH, measured by DLS. At pH ~7.67, which is the more basic buffer used in this study, DLS shows that mucins form a monodisperse dispersion. When the pH is reduced, the amount of mucins forming larger aggregates increases, evidenced by the bimodal dispersion for pH ≤4.00. A closer look of Figure 3 reveals that in the vicinity of the IEP (pH ~2.00-2.55), the second peak becomes much stronger. For the most acidic dispersion studied (pH ~1.15), the population of larger aggregates is reduced and the shape of the particle size distribution resembles the one detected at pH ~7.67. The tendency of mucins to form aggregates has been proved by simulation studies using dissipative particle dynamics (Moreno et al., 2015) . From the results of DLS and zeta potential, one may conclude that mucins interact with the media differently as the pH is reduced, and, that the conformational changes in the mucin are responsible for the formation of gel structure. As it is known, a sol-gel transition is characterized by an abrupt increase in the viscosity. In order to investigate this effect, the rheological behavior of mucin dispersions for pH values between 1.15 and 7.67 was determined in a cone-and-plate rotational rheometer. Figures 4(a) and (b) present the η vs. y plots for mucin dispersions with concentrations of 5 % and 10 % respectively. As it may be anticipated a shear, thinning behavior is observed for the mucin dispersions and the increase in viscosity with concentration is reflected. However, the effects of pH are not clearly seen and the data is very scattered to associate with the structural changes studied in Figures 2 and 3 . Therefore, for the shear rates studied in this research, the levels of viscosity are still very low to be adequately detected by steady shear rheometry. It is necessary to emphasize at this time, that in this research partially purified gastric mucin was used, and that as result of the purification processes and the absence of the minor components present in the physiological mucus, the possibilities of gelification may be strongly reduced. Additionally, the strength of the physical crosslinks in the gel may be so weak that they could be easily degraded at the shear rates investigated. The steady rheological measurements presented in Figure 4 indicate that in order to characterize the gel-like structure for the mucin dispersions, it would be necessary to carry out the rheological experiments at very low shear rates in steady rheology or very low frequencies in shear oscillatory experiments. This kind of experiments would become impractical for aqueous and biological dispersions due to the effects of evaporation and degradation at long experimental times. Thus, in order to overcome this effect, creep-recovery tests were performed on the samples. Figures 5(a) and (c) show the creep measurements for 5 % and 10 % mucin dispersions at T∼25ºC respectively. For all traces, the effect of a finite rate of response of less than a second, and a very small value of J 0 ∼ 1.5 ] could be detected. This small elastic response is too slight to indicate that a true and stable molecular network was developed. For pH ∼4.00 and 7.67, creep curves follows a linear tendency with a slope of the log J(t) vs. log t plot approaching to one. This is a feature of the linear viscoelastic behavior (Münstedt, 2014) , which demonstrates that the t 0 fixed in this research characterized the mucin dispersions at practically unattainable levels in steady or oscillatory shear rheometry. Figures 5(a) and (c) also reveal that for pH ∼2.55, the slope of the log J(t) vs. log t plot is slightly lower than one which may be the result of higher viscosities generated by the structures observed in Figure 3 at this pH. This effect is more notorious as mucin concentration increases. When the pH is further reduced (pH ∼2), the tendency of the plots resembles that of pH ∼4.00 and 7.67, with a slope at long creep times approaching to one. These changes in creep are attributed to the conformational changes characteristic of the IEP. Interestingly, at the lowest pH studied in this research, pH ∼1.15, the slope of the creep curve is clearly lower than one. Figures 5(b) and (d) present the plots of t / J(t) vs. t, for mucin dispersions at 5 % and 10 % respectively. It is known that at long creep times the following relationship is obtained (Münstedt, 2014) : This behavior is characteristic of the IEP and has been reported for other protein systems (Ding Pacek, 2008; White et al., 2008) . give negative values for all pH > 1.55. These results would indicate that no elastic behavior was registered in the rheometer, or the measured stress is much lower than the limit of detection of the instrument. Thus, it can be assumed that for those samples a pure viscous behavior was the rheological characteristic. Only positive values of recovery compliance were detected for the lowest pH studied in this research (pH~1.15), which is a clear indicative of the elastic character in the sample. This result is in line with what it was learned in Figure 5 . Thus, it is concluded that, in an acidic medium of pH~1.15, the RGM self-assemble forming structures that induce a viscoelastic behavior associated with the formation of gels. It is important to note in Figure 6 , that the level of recovery for the 5 % mucin dispersion is higher than the recovery for the concentration of 10 %. This apparently unexpected result, may obey to the combined viscous and elastic components of the structures reflected in the rheological experiments. Probably, the simplest mechanistic model that qualitatively captures the viscoelastic response of polymers is presented in Figure 7 (Joye, 1993) .
This four-element model could reproduce the instantaneous elastic response corresponding to J 0 in creep by the spring-1. As it was studied in Figure 5 , no precise value of J 0 was detected during creep for all the samples. In a gel, this element would be associated to change of molecular conformations during deformation as it may occur in polymer networks. In gastric mucus, the formation of an elastic network would depend on the minor components of the mucus that are lost during the purification process of the mucin, and that is why it is seen neither in this research nor in previous reports.
Dashpot 1 corresponds to the irrecoverable viscous flow, whose features appear in figures 5(b) and 5(d), where no recovery is seen for 2.00 < pH < 7.67. The elastic effect comes from the simultaneous response of dashpot-2 and spring-2. As these two elements are in parallel, they work simultaneously and the elastic response is not instantaneous but retarded. It was learned from Figure 4 , that an increase in viscosity is observed when the mucin concentration increases. Thus, the higher viscosity of dashpot-2 for the 10 % mucin dispersion produces a much higher retardation effect on the elasticity than in the dispersion with 5 % mucin, which is reflected in Figure 6 as a lower recovery. 
Conclusions
Gastric mucin dispersions undergo conformational changes as function of pH. At the lowest pH investigated (pH∼1.15), mucins self-assemble forming gel-like structures characterized by very high viscosities and the development of elasticity as it was evidenced by creep-recovery measurements. The elasticity of these dispersions is defined by the simultaneous action of viscous and elastic forces. In the vicinity of the IEP (pH∼2.00 and pH∼2.55), characteristic changes in viscosity were detected by creep measurements. Contrary to previous reports, it was possible to determine the existence of gel-like structures for dispersions with reconstituted gastric mucin. However, the changes in mucin originated during the purification process produce dispersions of very low viscosities whose structures are not feasible to be characterized by steady shear rheometry. This research demonstrated that time dependent rheological experiments such as creep-recovery are a very efficient tool to characterize rheological changes in the region of slow relaxations. DLS also demonstrated the existence of larger mucin aggregates as pH decreased.
